INTRODUCTION
Neurons contain synaptic vesicles (SVs) that release neurotransmitters by fusion with the presynaptic zone in response to elevated levels of intracellular calcium. After exocytosis, SV membrane proteins are internalized to be reutilized in locally reformed SVs (Hannah et al., 1999) . This cycle of exocytosis and endocytosis is unique with respect to its high speed and allows the presynaptic neuron to maintain high rates of neurotransmitter release. Neuroendocrine cells lack synaptic specializations, but also produce neurotransmittercontaining vesicles that are named synaptic-like microvesicles (SLMVs). Cell free assays and electron microscopic (EM) studies have shown that SLMVs are reformed at two distinct locations in the cell; the plasma membrane (Schmidt et al., 1997; Shi et al., 1998) and early endosomes (EEs; Lichtenstein et al., 1998; de Wit et al., 1999 ). An additional layer of complexity is added by the observations that distinct SLMV proteins are targeted predominantly from either the plasma membrane or from EEs to SLMVs, as was shown for synaptotagmin (Blagoveshchenskaya et al., 1999) and VAMP2 (Shi et al., 1998) , respectively. Formation of SLMVs at the two different locations occurs by biochemically distinct mechanisms. In vitro assays reconstituting SLMV formation in neuroendocrine PC12 cells showed that clathrin, the AP-2 adaptor complex, dynamin, and endophilin are required at the plasma membrane (Shi et al., 1998; Schmidt et al., 1999) . In contrast, SLMV budding from EEs occurs independently of clathrin, but requires the AP-3 adaptor complex and depends on the presence of the small GTPase ARF1 (Faú ndez et al., 1997 . In either case, SV membrane proteins such as VAMP2 (synaptobrevin 2) and synaptotagmin, have to be sorted from non-SV proteins such as transferrin receptor (TfR). The mechanisms by which SV proteins are sorted from non-SV proteins are largely unknown. Because the ear-domains of the large adaptin subunits constitute interaction sites for many accessory proteins involved in endocytosis (Owen et al., 1999; Page et al., 1999) , most likely additional, yet unknown proteins will be found regulating formation of SVs.
The two small GTPases rab5 and rab4 regulate transport to and through EEs, respectively (Bucci et al., 1992; van der Sluijs et al., 1992) . Rab5 is required for fusion of primary endocytic vesicles with EEs in vivo, as well as homotypic EE fusion in vitro (Gorvel et al., 1991) . Several lines of evidence show that rab4 regulates the exit of constitutive recycling cargo from EEs in nonneuronal cells (van der Sluijs et al., 1992) . Overexpression of rab4 causes a redistribution of TfR from EEs to the plasma membrane. Furthermore, iron discharge from internalized transferrin is reduced in these cells because of accumulation of transferrin in nonacidic vesicles and tubules, also known as perinuclear recycling endosomes. These Tf-positive vesicles and tubules are enriched in cellubrevin and Tf, but are relatively depleted of rab4 and enriched in rab11 (Daro et al., 1996; Sheff et al., 1999; Sö nnichsen et al., 2000) . Thus, rab4 likely acts to transfer EEderived transport vesicles to recycling endosomes. In addition to a function in constitutive recycling of TfR, rab4 also controls more specific transport steps. In fat and muscle cells, rab4 regulates translocation of the insulin-responsive glucose transporter GLUT4 from an intracellular storage compartment to the plasma membrane (Shibata et al., 1996; Vollenweider et al., 1997) . Both translocation of GLUT4 and recycling of SV proteins are tightly regulated to maintain a readily releasable pool of intracellular vesicles that is accessible to endocytosed tracers. This parallel between the translocation of GLUT4 containing transport vesicles and recycling of SVs might indicate a possible involvement of rab4 in SV recycling from EEs. Although rab4 cDNA was initially cloned from a brain cDNA library (Zahraoui et al., 1989) , neither the rab4 subcellular distribution nor its functional importance have been analyzed in neuronal cell types.
The pheochromocytoma cell line PC12 is a useful experimental system to investigate the formation of SVs, because it contains SLMVs that share many properties with neuronal SVs (Clift-O'Grady et al., 1990; Cameron et al., 1991; Linstedt and Kelly, 1991; Bauerfeind et al., 1993; Blagoveshchenskaya and Cutler, 2000) . Our previous ultrastructural studies in PC12 cells showed that EEs are precursors of SLMVs and contain rab4 (de Wit et al., 1999) . In the present study we investigated a possible role of rab4 in SLMV formation. Our morphological and biochemical data show that rab4 regulates budding of SLMVs and constitutive recycling vesicles from EEs.
MATERIALS AND METHODS

Antibodies and Reagents
Rabbit antisera against rab4 (Bottger et al., 1996) , cation-dependent mannose 6-phosphate receptor (CD-MPR; Klumperman et al., 1993) , and the mouse monoclonal antibodies against VAMP2 (Cl 69.1; Edelmann et al., 1995) , synaptotagmin (Cl 604.1), and human TfR (H68.4; White et al., 1992) were described previously. These antibodies recognize cytosolically exposed epitopes, except Cl 604.1, which binds luminal epitopes of synaptotagmin. A bridging rabbit anti-mouse IgG antibody (DAKO, Glostrup, Denmark) was used to provide binding sites for protein A-gold, when sections were labeled with mouse monoclonal antibodies. Tf-HRP was purchased from Jackson Immunoresearch Laboratories (West Grove, PA) and was iron saturated as previously described .
Cell Culture and Transfection
The 251-II PC12 clone was generously provided by Wieland Huttner (University of Heidelberg, Germany) and grown under conditions in which the cells have an endocrine phenotype and do not form neurites (de Wit et al., 1999) . cDNAs encoding wild-type rab4, Q67Lrab4, or S22Nrab4 were subcloned in the EcoRI site of the mammalian expression plasmid pcDNA3 (Invitrogen, Leek, The Netherlands). Cells from a confluent 15-cm dish were resuspended in 650 l electroporation buffer (137 mM NaCl, 5 mM KCl, 0.7 mM Na 2 HPO 4 , 6 mM glucose, 20 mM HEPES, pH 7.05) together with 60 g DNA and electroporated at 500 F and 230 mV. Cells were transferred to 20 ml of culture medium supplemented with 3 mM EGTA and allowed to recover for 30 min at 37°C. Next, the cells were harvested at 800 ϫ g for 5 min and plated on two 10-cm dishes. After 2 d, the cells were transferred to media containing 450 g/ml G418. Stable transfectants were screened by immunofluorescence microscopy. Western blot analysis showed that the rab4 cDNA products were expressed to the same level in wild-type rab4, rab4Q67L, and rab4S22N transfectants. Expression in these cell lines was ϳ10-fold above endogenous rab4. Cells received 5 mM sodium butyrate 18 -24 h before all experiments to induce expression of the CMV-driven cDNA products.
Immunogold Electron Microscopy
PC12 cells were prepared for ultrathin cryosectioning and (double)-immunogold labeled as described (Slot et al., 1991; de Wit et al., 1999) . Semiquantitative analysis of rab4, TfR, VAMP2, and CD-MPR distributions was carried out as follows. Cryosections with good ultrastructure were selected at low magnification and scanned at 20,000ϫ magnification along a fixed track. All gold particles within a distance of 30 nm from a membrane were assigned to that organelle and at least two independent quantitations were performed for each protein. In total, at least 1200 gold particles for each protein were counted. The distribution of gold particles was expressed as the percentage of total gold particles that was found over a specific compartment. Endosomal compartments were defined as previously described (de Wit et al., 1999) . Forty-nanometer tubulo-vesicular profiles were included in the category "EEs" when they were at a distance of no more than 100 nm from an endosomal vacuole. All other 40-nm tubulo-vesicles were, according to their location, assigned to the Golgi region or described as peripheral vesicles. TfR and VAMP2 in addition to EEs and small vesicles also labeled other compartments, such as Golgi, plasma membrane, and specifically VAMP2 secretory granules. However, because label over these compartments was not significantly different between the two mutant rab4-expressing cell lines, for reason of clarity these compartments were not incorporated in Table 3 . Instead, the number of gold particles found over EEs and cytoplasmic vesicles was set to 100%.
To determine the membrane length of vacuolar and tubular EEs (see Table 2 ), 30 pictures were taken at 30,000ϫ magnification of rab4-labeled sections prepared from control cells and rab4 transfectants. A transparency displaying a squared lattice of lines that were 0.5 cm apart was put over the pictures and analyzed for intersections with the membranes of interest. The number of intersections was taken as a measure for membrane length (Staubli et al., 1969; Weibel et al., 1969) . For EE tubules, only those membrane profiles of which the length was at least twice that of the diameter and that were connected to an EE vacuole were taken into account. Membrane profiles within 100 nm of an EE vacuole of which the length was less than twice the diameter and that showed no continuities with the vacuole were designated as EE vesicles. The degree of colocalization of rab4 with VAMP2 and TfR was analyzed in double-labeled sections. Thirty cell profiles were screened of Q67Lrab4 and S22Nrab4 transfectants, respectively, and all vesicles encountered were analyzed for the presence of rab4 and VAMP2 or TfR. Statistical comparisons were done with the Student's t test.
Internalization of
125 I -Cl604.1 and In Vivo SLMV Budding Assay Cl604.1 was iodinated as described . Confluent 15-cm tissue culture dishes were rinsed three times with labeling buffer . Cells were preincubated for 15 min on ice with 5 g/ml 125 I-Cl604.1. After 15 min the labeled antibody was aspirated, and bound 125 I-Cl604.1 was chased into EEs during an incubation for 40 min at 15°C. The cells were then washed three times with ice-cold uptake buffer, incubated for 15 min at 37°C and homogenized as described . Homogenates were centrifuged at 1000 ϫ g for 5 min to prepare a postnuclear supernatant . Postnuclear supernatants were next centrifuged at 27,000 ϫ g for 35 min. The SLMVs in this supernatant were resolved on 5-25% glycerol velocity gradients and spun for 75 min at 218,000 ϫ g in a SW55 rotor. Fractions were collected from the bottom and 125 I-Cl604.1 was detected in a ␥-counter.
Tf-HRP Internalization and In Vitro EE Budding Assay
Cells grown on 15-cm dishes were incubated 1 h at 37°C in serumfree medium to deplete endogenous Tf. Iron saturated rat Tf-HRP (20 g/ml) was endocytosed for 40 min at 15°C. Cell surface-bound Tf-HRP was removed during two washes with ice-cold PBS, 0.3 mM CaCl 2 , 0.3 mM MgCl 2 , 1 mg/ml glucose, and 3% protease-free BSA (labeling buffer; Clift-O'Grady et al., 1998) and centrifuged at 800 ϫ g for 5 min. The cells were collected in 25 ml 38 mM K-aspartate, 38 mM K-glutamate, 38 mM K-gluconate, 5 mM reduced glutathione, 5 mM Na-carbonate, 2.5 mM Mg-sulfonate, 20 mM K-MOPS, pH 7.2 (bud buffer), and pelleted at 800 ϫ g for 5 min. This wash was repeated once, and the cells were homogenized in bud buffer containing protease inhibitors as previously described . A postnuclear supernatant was prepared by spinning the homogenates for 5 min at 1000 ϫ g, and 1-mg aliquots were used as a donor fraction for the in vitro budding of transport vesicles containing Tf-HRP. The donor fraction was incubated for 30 min at 37°C or at 0°C (control) in the presence of 1 mM ATP, 8 mM creatine phosphate, 5 g/ml creatine kinase, and 3 mg/ml rat brain cytosol (Desnos et al., 1995) . To resolve newly formed vesicles from the donor compartment, budding reactions were layered on top of a 10 -45% sucrose gradient buffered with 20 mM K-MOPS, pH 7.2, and centrifuged for 1 h at 116,000 ϫ g in a SW 55 rotor. Fractions were collected from the bottom and Tf-HRP in gradient fractions was assayed colorometrically as described .
RESULTS
Thus far, the localization of rab proteins has been done mainly at the light microscopic level. However, to fully understand the function of rab proteins in determining specific transport pathways, it is a prerequisite to establish their precise intracellular localization. We here set out to define the subcellular localization of rab4 by immuno-EM in the morphologically well-characterized PC12 neuroendocrine cells (de Wit et al., 1999) . We studied endogenous rab4 as well as stable PC12 cell transfectants expressing wild-type rab4, a GTP-hydrolysis deficient mutant (Q67Lrab4 cells), or a GDP-bound form of rab4 (S22Nrab4 cells).
Ultrastructural Localization of rab4
By immunogold labeling of ultrathin cryosections of PC12 cells, we found that endogenous rab4 mainly associated with EEs and small cytoplasmic vesicles (Figure 1, A and B; Table 1 ). EEs in PC12 cells have been well defined, and consist of two subdomains: i) heterogeneously sized electron-lucent vacuoles with few internal vesicles, and ii) numerous ϳ40-nm tubules, which mediate recycling from EEs to the trans-Golgi network (TGN) and plasma membrane (Geuze et al., 1984; Marsh et al., 1986; Klumperman et al., 1993; de Wit et al., 1999) . In ultrathin cryosections, EE recycling tubules appear as tubulo-vesicular profiles with, in the plane of the section, only occasional continuities with the EE vacuole. Rab4 was found on both the vacuolar and tubular EE subdomains ( Figure 1 , A and C). To standardize our quantitative studies, we included the endosomal vacuole plus all tubulo-vesicular membrane profiles at no more than 100 nm distance in our definition of the category EEs. Of the non-EE-associated rab4-positive vesicles ϳ40% was found in the trans-Golgi region, that is, at a magnification of 20,000ϫ in the same EM image as and at the trans-side of the Golgi stack ( Figure 1B ). The others were found in the cell periphery, where they sometimes formed small clusters (see e.g., Figure 1C ). Cells stably overexpressing rab4 (wild-type rab4 cells) showed labeling densities that were significantly (5-10 times) higher than those in nontransfected control cells, but with a very similar if not identical distribution as endogenous rab4 ( Figure 1C ; Table 1 ). The plasma membrane was invariably devoid of rab4 (Figure 1 , A and C), consistent with earlier findings that showed that rab4 is not involved in internalization from the cell surface (van der Sluijs et al., 1992) . Unexpectedly, a small number of rab4-representing gold particles (ϳ5%) was present over the Golgi stack. This labeling proportionally increased upon rab4 overexpression and occurred both in the wild-type and mutant rab4-expressing cells. The implication of this observation as yet remains unclear. Rab4 was absent from late endosomes and lysosomes as previously defined (de Wit et al., 1999) and secretory granules ( Figure 1 , B and C). The absence of rab4 from late endocytic compartments extends the notion that rab4 regulates recycling from EEs rather than transport events in the late endosome-lysosome pathway.
Overexpression of Wild-type rab4 Increases the Length of EE Recycling Tubules
On transfection of wild-type rab4 cDNA in PC12 cells, we observed a striking increase in membrane-length of the EE-associated tubules, which was accompanied by a significant decrease in membrane length of the vacuolar portion of EEs (Table 2) . Nontransfected PC12 cells treated with butyrate did not yield this phenotype (our unpublished results). Thus, although rab5 overexpression produces enlarged EE vacuoles (Bucci et al., 1992) , moderate overexpression of rab4 induces an opposite effect, resulting in an increase in the length of the endosomal recycling tubules.
Rab4 Mutants Have Distinct Localizations and Opposite Morphological Phenotypes
To define the distribution patterns of activating and inhibitory rab4 mutants and to investigate their effect on EE morphology, we stably transfected PC12 cells with Q67Lrab4 and S22Nrab4. In Q67Lrab4 cells we found a shift in the distribution of rab4 to the small cytoplasmic vesicles (especially those located at the periphery), at the expense of EEs (Figure 2 , A and B; Table 1 ). Because labeling densities of single vesicles were alike in wildtype rab4 and Q67Lrab4 cells, this finding indicates an increase in the number of rab4-positive peripheral vesicles in the latter. Notably, the EE tubules in Q67Lrab4 cells were substantially shorter than those in wild-type rab4 cells, whereas more EE-associated vesicles were present (Table 2) . In S22Nrab4 cells, the EE tubules were markedly elongated and significantly longer than the already enlarged tubules in wild-type rab4 cells ( Figure 2C ; Table 2 ).
The number of vesicular profiles around EEs was largely reduced in these cells. Furthermore, the GDP-bound mutant S22Nrab4 was prominently present on EEs and to a lesser extent on small vesicles (Figure 2, C and D; Table 1 ). Thus, in comparison to wild-type rab4, expression of the GTP-bound mutant Q67L resulted in a decrease of endo- (A) Endogenous rab4 is present on EE vacuoles (EE) and nearby located vesicles and tubules (arrowheads), whereas the plasma membrane (PM) is devoid of label. (B) Rab4-positive vesicles (arrowheads) are also present at the trans-side of the Golgi (G). (C) In rab4 overexpressing cells, a similar labeling pattern is seen as for endogenous rab4, but with significantly increased density. The small arrowheads point to a cluster of rab4-positive vesicles in the peripheral cytoplasm. The large arrowheads point to vesicles more closely located near an EE. M, mitochondrion; SG, secretory granule; L, lysosome. Bars, 100 nm.
somal labeling and an increase in the number of rab4-positive vesicles, whereas the GDP-bound mutant S22N resulted in the opposite effect. In addition, the average length of EE recycling tubules was significantly increased in S22Nrab4 cells. Together, these data suggest that rab4-GTP stimulates vesicle formation from EE tubules, resulting in a decreased average tubule length.
Rab4 Mutants Differentially Affect SLMV Formation
In a previous study we have described that SLMVs are formed from EE tubules (de Wit et al., 1999) . Our finding that rab4 affects vesicle formation from EE tubules therefore motivated us to study whether rab4 could be involved in SLMV formation. Because the effects on EE-derived tubule and vesicle formation were most prominent in the S22N and Q67Lrab4 cells, we focused on these two cell lines for further studies. As a marker for SLMVs, we used VAMP2/synaptobrevin2. In Q67Lrab4 cells, 90% of the total EE and vesicleassociated VAMP2 was found in small vesicles that were distributed in the Golgi area and peripheral cytoplasm (Table 3; Figure 3, A and B) . In a previous study in PC12 cells we have shown that these VAMP2-positive vesicles contain additional SLMV marker proteins such as synaptophysin and rab3 but are depleted in TfR, indicating that they largely represent SLMVs (de Wit et al., 1999) . In S22Nrab4 PC12 transfectants, a much larger portion (57%) of VAMP2 was associated with EEs, and only 43% with SLMVs, of which only few were found in the Golgi area (Figure 3 , C and D; Table 3 ). These shifts in the relative distributions of VAMP2 over EEs and SLMVs in the two mutants paralleled that of rab4 itself. To establish whether rab4 might have a direct effect on VAMP2 trafficking, we performed double-immunogold labeling. This indeed showed colocalization of VAMP2 and rab4 in small vesicles (Figure 3) , which represent SLMVs (de Wit et al., 1999) . The extent of this colocalizaton did not alter when the two different rab4 mutants were expressed. In both cell lines, of all vesicles labeled for rab4, VAMP2,or both, 23% were found positive for both rab4 and VAMP2.
Rab4 Mutants Differentially Affect the Localization of TfR
EEs also mediate the constitutive recycling of TfR, which is sorted to different tubular extensions than recycling SLMV proteins (de Wit et al., 1999) . In nonneuroendocrine cells a regulatory role of rab4 in TfR recycling has been suggested (van der Sluijs et al., 1992; Chavrier et al., 1997) , which prompted us to investigate the role of rab4 in TfR recycling in PC12 cells. Like rab4 and VAMP2, TfR-positive recycling vesicles were found both in the Golgi region and in the peripheral cytoplasm. Furthermore, similar to the redistribution of rab4 itself, expression of Q67Lrab4 in PC12 cells caused a shift in TfR distribution from EEs to recycling vesicles, whereas S22Nrab4 increased endosomal labeling of TfR (Table 3) . To investigate whether rab4 was indeed Data represent the average percentages Ϯ SEM of the total number of gold particles that were found over the indicated compartments. EEs, vacuole plus associated tubulo-vesicles. The average number of vesicles (Ϯ SEM) associated with an EE was determined by counting all vesicular profiles within 100 nm of an EE vacuole of which the length was less than twice the diameter. The average membrane length Ϯ SEM of EE vacuoles and tubules was established by counting the number of intersections with a lattice overlay. Only tubules that were visibly connected to the EE vacuolar domain were taken into account. Countings were done on 30 EEs (defined as in de Wit et al., 1999) of each cell line.
present on vesicles mediating transport of TfR we performed double-immunogold labeling (Figure 4 , A and B). We found that in both Q67L and S22Nrab4 cells 15% of all labeled vesicles contained rab4 as well as TfR. As a control for our quantitative measurements we established the distribution of the cation-dependent mannose 6-phosphate receptor (CD-MPR). This receptor cycles between the TGN and endosomes and does not colocalize with rab4 (Klumperman et al., 1993) . CD-MPR was mainly localized to the TGN (our unpublished results) and its distribution was similar in the two mutant rab4 cell lines, indicating that the effects of rab4 expression on the redistribution of VAMP2 and TfR are specific. To investigate whether rab4 affected the comparative distribution of the two cargo molecules, we performed a double-labeling with antibodies against TfR and VAMP2 on sections prepared from S22Nrab4 cells. We chose this cell line because the mutant accumulated the marker proteins in EE-associated tubules. We reasoned that if rab4 had any effect on the segregation of the two proteins, this should be an early event taking place in EE, and not during or after the formation of transport vesicles. As shown in Figure 5 , VAMP2 and TfR colocalized to the vacuolar portion of the same EE, whereas most of the EE-associated tubulovesicles contained either VAMP2 or TfR. We previously reported similar findings in control PC12 cells de Wit et al., 1999) ; thus, rab4 appeared to act after the two molecules are sorted away from each other. Taken together, the immuno-EM data showed that the two distinct endocytic recycling pathways taken by VAMP2 and TfR are regulated in a similar manner by rab4. The active form of rab4 caused a redistribution of the regulated recycling marker VAMP2 as well as the constitutively recycling protein TfR to vesicles adjacent to the Golgi complex and the peripheral cytoplasm, whereas the GDP-bound rab4 mutant caused a redistribution of both proteins to EE-associated vesicles and tubules. Thus, rab4-GTP appears to regulate the exit of constitutive and regulated recycling proteins from EEs.
Rab4 Controls Budding of Synaptic-like Microvesicles from EEs
To confirm by an independent approach that rab4 regulates SLMV recycling, we used a biochemical assay that reproduces SLMV formation from EEs in PC12 cells . First, 125 I-Cl 604.1 mAb against a luminal epitope of the SLMV marker synaptotagmin was added to cells kept at 15°C, which results in its accumulation in EEs de Wit et al., 1999) . The cells were then warmed for 15 min to 37°C to allow delivery of the antibody-synaptotagmin complex to SLMVs. Although synaptotagmin is targeted from both the plasma membrane and EEs to SLMVs (Blagoveshchenskaya et al., 1999) , the antibody internalization method allowed us to selectively assay SLMV formation from EEs. Analysis of glycerol gradient fractions revealed a single peak of 125 I-Cl 604.1 radioactivity in SLMV enriched fractions 8 -10, which was not found in control assays carried out at 0°C (Figure 6 ). Clearly, SLMVs were most efficiently formed in the Q67Lrab4 transfectant (Figure 6 ), in which we observed a 2.5-fold increase in the amount of SLMVs compared with that in wild-type rab4 cells and nontransfected controls. The 125 I-Cl 604.1 peak around fractions 8 -10 is not due to general vesiculation of endosomes because budding reactions with cells that had internalized transferrin at 15°C did not yield a peak of transferrin on this gradient (our unpublished results). Formation of SLMVs was inhibited in S22Nrab4 cells. Differences in budding efficiencies were not caused by alterations in the rate or extent of 125 I-Cl 604.1 internalization because the amount of 125 I-Cl 604.1 in the 15°C SLMV donor fractions was the same in the four cell lines (our unpublished results). In addition, subcellular fractionation of CHO-or Madin Darby canine kidney cells expressing the same rab4 constructs as the PC12 transfectants revealed that Ͼ80% of each of the three rab4 forms was associated with membranes (our unpublished results). It is quite unlikely therefore, that distinct distributions of the three rab proteins over membranes and cytosol of PC12 cells is causing the different budding effiencies. These results corroborate our morphological findings that rab4 plays a direct role in SLMV formation from EEs.
Budding of EE-derived Vesicles Containing Tf-HRP Is Inhibited by S22Nrab4
We next assessed whether rab4 also regulates budding of Tfcontaining vesicles in a cell-free system that generates vesicles from PC12 EEs . Tf-HRP was accumulated in EEs during internalization at 15°C. The cells were then homogenized, and a postnuclear supernatant was prepared and used as donor membrane fraction in the assay. Donor fractions were next incubated with rat brain cytosol and ATP at either 0 or 37°C. After 30 min, budding reactions were resolved on sucrose gradients. Examination of Tf-HRP activity from a 0°C budding reaction revealed a peak of fast sedimenting endosomes at 38% sucrose and a peak of slower sedimenting endosomes at 24% sucrose ( Figure 7A ). During a 37°C budding reaction, Tf-HRP activity in the 24% endosome peak was reduced, with the concomitant appearance of a new peak at 20% sucrose ( Figure 7A ). We also tested whether inclusion of rat brain cytosol was essential to the efficiency of the budding reaction. As shown in Figure 7A , endogenous PC12 cytosol present in the donor membrane fraction was already sufficient to drive the budding reaction. TfHRP-containing vesicles that were formed during the assay sedimented at a position close to but distinct from the SLMV peak (our unpublished results). Little if any of the 38% sucrose endosome peak was affected. The position of the peaks in the gradient was the same for control PC12 cells and the cell lines transfected with rab4 constructs. Quantitation (normalized to the amount present in the respective donor fractions) of Tf-HRP activity in the 20% sucrose peaks, revealed similar budding-efficiency in reactions containing membranes prepared from wild-type rab4 cells and Q67Lrab4 cells. This contrasts with the result of the SLMV budding assay in rab4Q67L cells and may either reflect differences between the in vivo SLMV-and the in vitro Tf-HRP budding assays or suggest distinct molecular mechanisms that regulate SLMV and Tf-HRP vesicle formation. The formation of TfHRP vesicles was strikingly inhibited in S22Nrab4 cells as shown in Figure 7B . In five independent experiments, the amount of TfHRP in the 20% peaks at 37°C was reduced more than twofold in the S22Nrab4 cells ( Figure 7C) . Finally, the different cell lines contained the same amount of Tf-HRP at 15°C, ruling out the possibility that the lower budding effi- 
DISCUSSION
Previously we provided the first ultrastructural characterization of the SLMV recycling pathway in neuroendocrine PC12 cells and showed that SLMV formation occurs from EEs (de Wit et al., 1999) . Because rab4 is predominantly localized to EEs and associated vesicles (de Wit et al., 1999) , we here investigated whether this small GTPase was of functional significance to SLMV formation. The main conclusion of our experiments is that rab4-GTP controls formation of SLMVs and of TfRcontaining constitutive recycling vesicles from EEs. This con- clusion is supported by several lines of evidence. First, cells expressing the GDP-binding mutant S22Nrab4 contained significantly extended EE tubules, whereas those expressing the GTPase-deficient mutant Q67Lrab4 had more EE-associated vesicles, suggesting that the GTP conformation of rab4 is required for vesicle formation. Second, the distribution of the rab4 mutants and of the marker proteins VAMP2 and TfR paralleled the morphological changes seen after ectopic expression of mutant forms of the GTPase. Finally, EE budding assays showed that Q67Lrab4 enhanced the formation of SLMVs, whereas S22Nrab4 inhibited budding of vesicles containing internalized iodinated synaptotagmin antibody or Tf-HRP. These results were derived from assays that measured VAMP2 and synaptotagmin, SLMV markers that might be targeted via distinct and overlapping pathways to SLMVs (Shi et al., 1998; Blagoveshchenskaya et al., 1999) . This potential caveat, however, in no way affects the central conclusion of this article because we selectively quantitated SLMVs originating from EEs and not from the plasma membrane. In the EM studies this was done by counting labeled VAMP2 on or within 100 nm distance from EEs, whereas in the biochemical budding assays, we measured synaptotagmin with the use of an antibody that was preinternalized into EEs at 15°C. Several exit routes are known for EEs. One of them leads to late endosomes/lysosomes and is not regulated by rab4 (van der Sluijs et al., 1992) . The other pathways are used for recycling from EEs to the cell surface. TfR is transported directly from EEs via a short circuit route to the plasma membrane and by a parallel pathway in which it is initially targeted to a perinuclear recycling endosome enriched in cellubrevin and rab11 before its delivery to the plasma membrane (Yamashiro et al., 1984; Daro et al., 1996; Ullrich et al., 1996) . In PC12 cells, SLMV proteins are sorted away from TfR in EEs and leave them via yet another class of vesicles constituting a specialized recycling pathway from EEs de Wit et al., 1999) . Several studies have suggested a role for rab4 in transport from EEs to recycling endosomes (Sheff et al., 1999; Sönnichsen et al., 2000; van der Sluijs et al., 1992) . Our present study extends these data to neuroendocrine cells, but more importantly, adds a novel function for rab4 in the formation of SLMVs and transport vesicles from EEs.
The observations that a sizeable portion of Q67Lrab4 colocalized with VAMP2 and TfR in SLMVs and transport vesicles, respectively, and that neither wild-type rab4 nor Q67Lrab4 were found on the plasma membrane suggested that these rab4-positive vesicles are not targeted directly to the cell surface. Possibly, the VAMP2-containing vesicles, like the majority of the TfR vesicles, are first targeted to the perinuclear Golgi area before they evolve in mature SLMVs. Because rab3a is also associated with SLMVs and SVs and is known to act at a late stage of SV fusion with the plasma membrane (Geppert et al., 1997) , rab4 and rab3a sequentially might regulate transport of SV proteins through the EE system and to the cell surface. This hierarchal organization of rab protein activity may represent a general principle in the regulation of membrane transport. Indeed, the labs of Ullrich and Zerial recently showed that endocytosed Tf first colocalized with rab5/rab4 on EEs and subsequently with rab4/rab11 in recycling endosomes (Sö nnichsen et al., 2000; Trischler et al., 1999) . Whether rab4 is required for the recruitment of rab11 and rab3 remains to be established. A model describing the regulatory role of rab4 in distinct trafficking steps from early endosomes is shown in the schematic of Figure 8 .
Rab4 did not appear to affect sorting of VAMP2 from TfR as we showed by double labeling for VAMP2 and TfR on cryosections of S22Nrab4 cells, suggesting that it acts distal to the primary sorting process of the two transmembrane proteins. The increased number of SLMVs and TfR-containing vesicles in Q67Lrab4 cells indicates that rab4 possibly exerts a specific effect on EE membrane domains that are involved in the formation of SLMVs and recycling vesicles. Such a function might include the formation of transport vesicles per se and the scission of tubulo-vesicular elements from EEs. In addition, it is formally possible that the increased number of SLMVs and recycling vesicles might be caused by an impaired ability of the vesicles to dock on their target organelle. Regardless whether rab4-GTP acts on the acceptor organelle as well, the immuno-EM clearly showed that expression of rab4 mutants induced differences of EE ultrastructure, consistent with a role of rab4 in vesicle budding. How then might rab4 regulate transport vesicle formation from EEs? Initially, rab proteins were perceived to act in docking/fusion of transport vesicles with target organelles (Bourne, 1988) . It is clear now that small GTPases also play a key role in budding reactions (reviewed in Brittle and Waters, 2000; Der and Balch, 2000) and that the formation of a transport vesicle and its subsequent docking on a target organelle are mechanistically coupled. For instance, rab5 is a critical component in ligand sequestration into clathrin-coated pits at the plasma membrane (McLaughlan et al., 1998) and the subsequent fusion of incoming uncoated vesicles with EEs (Bucci et al., 1992) . In the biosynthetic pathway, rab1-GTP is required for the formation of a complex containing the tethering protein p115 and the SNARE proteins syntaxin5, membrin, and rbet1, which is essential for COPII-dependent transport between ER and Golgi complex (Allan et al., 2000) . We therefore propose that rab4 in its active form might recruit distinct effector and or coat proteins to exit sites where vesicles of the regulated and constitutive recycling routes are formed. Because both the formation of SLMVs and of TfR recycling vesicles was controlled by rab4 (this study), different rab4 effectors could be used for vesicle formation in both pathways. Indeed, rabaptin5 binds to ␥-adaptin (Hirst et al., 2000) , an AP-1 subunit that is present on EEs (Stoorvogel et al., 1996; Futter et al., 1998) and implicated in TfR recycling (Futter et al., 1998) . Because rab4 binds to the amino terminus of rabaptin4 and rabaptin5 (Vitale et al., 1998; Nagelkerken et al., 2000) , it may locally regulate the activity of ␥-adaptin. Interestingly, the ARF1 effector GGA2 (Boman et al., 2000) also binds to rabaptin5 (Hirst et al., 2000) and thereby might regulate ARF1-dependent SLMV formation from EEs (Faú ndez et al., 1997) . The requirement of GGA2 in this process remains to be explored and future work will have to address which other proteins are present in these complexes and how they are assembled onto EEs. In a different scenario, rab4-GTP might interact with a putative microtubule motor protein that is recruited to the tubular extensions of EEs and could stimulate budding of transport vesicles, similar to models that have been proposed for rab5 (Nielsen et al., 1999) and rab6 function (Echard et al., 1998) . Movement of this motor protein could then induce a pulling force to the tubular extensions and Figure 7 . In vitro budding of Tf-HRP containing vesicles from EEs. Tf-HRP was internalized at 15°C in PC12 cells expressing rab4, Q67Lrab4, and S22Nrab4. After 40 min, the cells were washed and homogenized. (A) Donor fractions were prepared from nontransfected PC12 cells and incubated for 30 min with rat brain cytosol and ATP at 0°C (छ) and 37°C (ࡗ) or in the absence of rat brain cytosol at 37°C (E). Budding reactions were resolved on sucrose gradients and Tf-HRP activity was analyzed colorometrically. Tf-HRP activity in the 20% sucrose peak, represents the budding of vesicles produced from EEs at 37°C. (B) TfHRP vesicle budding-activity for donor membranes prepared from rab4 cells (OE), Q67Lcells (f), and S22Nrab4 cells (F) at 37°C. TfHRP activity in the gradient fractions is expressed as % of the conjugate internalized at 15°C and is a representative of 5 independent experiments. (C) Comparison of the 20% sucrose peaks formed at 37°C, revealed the same budding efficiency for donor membranes prepared from rab4 cells, Q67Lrab4 cells and control cells. In contrast, the formation of the Tf-containing transport vesicles in S22Nrab4 cells was inhibited twofold. Bars denote the average budding-efficiency of Tf-HRP containing transport vesicles recovered in the 20% peak fractions (ϮSEM, n ϭ 5). Figure 8 . Model for the sequential action of rab proteins during the endosomal recycling pathway of SLMV-proteins and TfR in nondifferentiated PC12 cells. For reasons of clarity, we refrained from including the plasma membrane derived recycling pathway of SLMVs and the short circuit TfR recycling route. After rab5-dependent endocytosis in clathrin-coated vesicles, SLMV-proteins and TfR codistribute in EE vacuoles (1). Sorting of SLMV-proteins and TfR into distinct recycling tubules does not require the action of rab4 and may occur before or after (2) detachment of the tubules from the EE vacuole. SLMVs and recycling vesicles form through the action of rab4 (3), after which at least part of the newly formed vesicles translocates toward the Golgi area (4), via a pathway that possibly may depend on rab11 as well (5). Fusion of SLMVs with the plasma membrane requires rab3 (6), whereas transport of TfR containing vesicles to the plasma membrane is possibly regulated by rab11 (7). contribute to vesiculation. This hypothesis is strengthened by the observation that nocodazole disperses transferrin and rab4-containing endosomes from the perinuclear region where the microtubule organization center is located, into the cytoplasm (Daro et al., 1996) . Although the precise molecular mechanism how rab4-GTP enhances formation of transport vesicles from EEs remains to be defined, several testable models have been derived that will allow to further elucidate the mechanisms regulating membrane recycling from EEs.
